[1] We report the first model result for ion production rates and densities of positive ions, negative ions, and electrons in the dayside Martian ionosphere from 0 to 220 km. These calculations are made at solar zenith angle 77°for low solar activity periods. The calculated electron density is compared with the radio occultation measurements made by Mars Global Surveyor (MGS) and Mars 4/5 on Mars and by Constellation Observing System for Meteorology, Ionosphere and Climate (COSMIC) on Earth. Our calculation suggests that the daytime ionosphere of Mars can be divided into D, E, and F layers at altitude ranges $25-35 km, $100-112 km, and $125-145 km with the concentrations 7 Â 10 1 cm À3 , 2. The calculated E and F peak heights are in good agreement with MGS observation. The value of D peak density is lowered by 1 and 2 orders of magnitude from the measurements on Mars and Earth, respectively. The height of F layer peak is lower by factor of 1.8 in the Martian ionosphere as compared to that observed in the ionosphere of Earth. E regions are created at nearly the same heights in the ionospheres of both planets, but the layer thickness is considerably less on Mars than on Earth. This implies that solar EUV energy is deposited within smaller-altitude range in the upper ionosphere of Mars as compared to the corresponding altitude range in the upper ionosphere of Earth.
Introduction
[2] The ionosphere of Earth is divided into D, E, and F regions [cf. Richmond, 1987; Kelley, 1989] . The F region is formed mainly owing to photoionization of neutral atoms/ molecules by EUV radiation (800-1026 Å ) and, at higher latitudes, also by the precipitation of energetic charged particles. The major gases N 2 , O 2 , and O are ionized by these radiations. The primary ions are produced as N 2 + , O 2 + , N + and O + . The maximum ionization in the F region occurs at altitude $250 -300 km. This region has dense layer of O + ions that sometimes get split into two distinct F 1 and F 2 layers [cf. Fox, 2005] . The E region is produced by X-ray (10-100 Å ) radiation. The ion composition measurements show that O 2 + and NO + are the major ions in the E region with N 2 + and O + as minor ions [Brasseur and Solomon, 2005] . The E region represents maximum ionization at altitude $90-140 km. Within E region, local enhancements and irregularities in electron density known as sporadic E are observed. At midlatitude sporadic E is formed from layering of metallic ions. The equatorial sporadic E on the other hand is due to small-scale irregularities resulting from the plasma instabilities occurring in the electrojet region [Rishbeth and Garriott, 1969; Hargreaves, 1992] . The formation of D region is the result of the following ionization sources: (1) solar Lyman a (1216 Å ) ionizing the minor constituent NO, (2) solar X rays (l < 8 Å ) ionizing N 2 and O 2 , (3) galactic cosmic rays ionizing all atmospheric constituents and (4) photoionization of the metastable O 2 ( 1 D g ) by solar UV radiation (l < 1118 Å ). The ions O 2 + and NO + produced by these processes are converted into H 3 O + (H 2 O) n mainly by three body reactions [Banks and Kockarts, 1973; Schunk and Nagy, 2000] . This layer occurs at altitude region $60-90 km.
[3] The upper ionosphere of Mars has been explored during encounters of Mariner 6, 7, and 9 [Fjeldbo et al., 1970; Kliore et al., 1972] , Mars 2, 3, 4, 6, and 7 [Rasool and Stewart, 1971; Vasiliev et al., 1975] , Viking 1 and 2 [Fjeldbo et al., 1977] , and recently by Mars Global Surveyor (MGS) [Acuna et al., 1998; Ness et al., 2000] and Mars Express [Gurnett et al., 2005] . These measurements have shown two ionization peaks in most of the electron density profiles at about 137 km and 110 km on the dayside ionosphere of Mars. The values of the first and the second peaks were observed to be $8.6 Â 10 4 cm À3 and 2.5-4.0 Â 10 4 cm À3 , respectively. We have reproduced these ionization peaks as owing to impact of solar EUV (90 -1025.7 Å ) and X-ray (10 -90 Å ) photons, respectively, with the upper atmosphere of Mars [Haider et al., , 2006 . Ma et al. [2004] , Ma and Nagy [2007] , and Duru et al. [2008] have also studied upper ionosphere of Mars using three dimensional models. Mars possesses a disappearing ionosphere at most of the nighttime, while a major peak is observed at altitude $125-145 km when it appears [Zhang et al., 1990] . In spite of relatively large number of measurements and models concerning Mars upper atmosphere, no special attention has been paid to the ionosphere of Mars below 80 km.
[4] The first theoretical study of the lower ionosphere of Mars was carried out by Whitten et al. [1971] . They considered ionization by cosmic rays and solar radiation on the dayside ionosphere of Mars. Later, Molina-Cuberos et al. [2002] calculated electron density in the daytime lower ionosphere of Mars. Recently we have modeled the electron density in the nighttime ionosphere of Mars, owing to absorption of solar wind electron and galactic cosmic rays, between altitudes 0 and 220 km . F and D layers are produced in the nighttime ionosphere at altitudes $130-140 km and $30 km, respectively. E layer is not clearly visible. In the D region ionosphere, the densities of hydronium ions (H 3 O + (H 2 O) n for n = 1,2,3 and 4) and electron are higher than the daytime by factor of $2. This difference between daytime and nighttime model ionosphere is mainly due to use of different chemistry in the two model calculations. The photodissociation and electron photodetachment reactions are not used in the nighttime chemical model. These reactions reduce ion densities in the daytime ionosphere at low-altitude region. The neutral densities are not significantly different in the daytime and nighttime model atmospheres. We do not know what fraction of galactic cosmic rays actually precipitate into dayside and nightside atmosphere of Mars. Therefore, we have used same energy flux of galactic cosmic rays in both model calculations.
[5] This model is now extended to study the different ion layers in the dayside ionosphere over Mars. In this model we have used three sources of ionizations: solar EUV, X rays, and galactic cosmic rays. This model couples ion-neutral and electron-neutral collisions, photodissociation of positive and negative ions, electron attachment, ion-ion, ion-electron recombination processes through 133 chemical reactions. The calculated electron density is compared with the observations made by MGS and Mars 4/5 in the Mars' ionosphere and by Constellation Observing System for Meteorology, Ionosphere and Climate (COSMIC) satellites in Earth's ionosphere.
Objective
[6] The only planet for which we have direct observations of the details of D, E, and F layers is Earth. Mars has neither in situ nor remote sensing measurements in the low-altitude daytime ionosphere. However, nighttime radio occultation measurements have provided clues for presence or absence of low-altitude ionosphere together with upper ionosphere over Mars [Savich and Samovol, 1976; Zhang et al., 1990 ]. An understanding of the complete ionosphere of Mars can only be developed by using theoretical models. For the first time we have developed a model, which provides simultaneously the D, E, and F layers of dayside ionosphere of Mars at altitudes $25-35 km, 100 -112 km and $125-145 km with the electron concentrations of $7 Â 10 1 cm À3 , $2.4 Â 10 4 cm À3 and $8.4 Â 10 4 cm
À3
, respectively. These densities are produced owing to impact of galactic cosmic rays, X rays (10 -90 Å ) and solar EUV (90 -1026 Å ) radiations, respectively. This model calculates ion production rates and densities of positive ions, negative ions and electron at solar zenith angle 77°in the ionosphere over Mars. In the chemistry of D region hydrated hydronium ions H 3 O + (H 2 O) n for n = 1,2,3 and 4 and water clusters NO 2 À (H 2 O) n and CO 3 À (H 2 O) n for n = 1 and 2 dominate, while NO + , CO 2 + , and O 2 + are the major ions in E and F regions. The D region chemistry which is more complex than chemistry of the E and F regions has not been elucidated fully. Nevertheless, there has been success in modeling the D region. As expected the height and density of the F layer peak are lower in the Martian ionosphere than Earth's ionosphere by factors of $1.8 and $3, respectively. E layers in the ionosphere of Earth and Mars are formed at nearly same height interval between 90 km and 115 km. The calculated electron density in the D region is smaller by 1 and 2 orders of magnitude than those observed in the ionospheres of Mars and Earth, respectively. The formation of present chemical model is purely a sequence of algebraic expressions, which yield solutions after sufficient iterations for electron concentration and all the individual ions currently in the model, 22 positive ions and 13 negative ions. Because of the fact that transport time is several orders of magnitude higher than chemical life time at altitude 200 km, we have neglected transport of ions in the present calculation.
Input Data
[7] Viking Landers carried neutral mass spectrometer that measured daytime densities at Martian midlatitude during summer of minimum solar activity. The densities of CO 2 , N 2 , O 2 , CO, NO and Ar are taken from this measurement [cf. Nier and McElroy, 1977; Nier et al., 1976; Biemann et al., 1976; Owen et al., 1977] . O 3 has been obtained from the observation with UV spectrometer onboard Mariner 7 [Barth and Hord, 1971] . Modeling has provided better knowledge of neutral compositions and structure compared to what is known from the measurements. Rodrigo et al. [1990] and Nair et al. [1994] and HNO 3 from these references at different altitudes between 0 km and 220 km, which is plotted in Figure 1 . Linear interpolation method was used wherever the data is not available in these height intervals. A maximum O 3 density is produced at an altitude of $50 km owing to recombination of O and O 2 in three body reaction with CO 2 . Below 40 km, O is mainly destroyed by H 2 and H 2 O. Above this altitude, it combines to form O 2 . Therefore, the density of O represents a broad peak at about $60 km. NO 2 and HNO 3 contents are decreasing very rapidly with height in altitude region near the surface but they are important for nitrogenated chemistry. Using this model atmosphere, densities of 35 ions are calculated under steady state photochemical equilibrium condition. The electron density is calculated using charge neutrality condition. The chemical reactions and their rate coefficients are taken from Molina-Cuberos et al. [2002] and Haider et al. [2007 Haider et al. [ , 2008 . The temperature is taken from López-Valverde et al. [1998] and Bougher et al. [1999] . The rate coefficient for most three body reactions are measured using N 2 or O 2 as third body. We follow the convention of Molina-Cuberos et al. [2002] , where CO 2 is assumed to have the same efficiency as O 2 or N 2 . The flux of incident galactic cosmic rays is taken from Haider et al. [2008] .
[8] In our calculation the solar flux, branching ratios, photoabsorption, photoionization, elastic and inelastic cross sections are taken from other references [cf. Torr and Torr, 1979; Tobiska et al., 2000; Haider et al., 2002 Haider et al., , 2006 . The solar flux, photodissociation and electron photodetachment reactions are observed at 1 AU. They are scaled by 1/R 2 at Mars, where R is the heliocentric distance equal to 1.52 AU. The photoelectron spectrum is calculated owing to absorption of solar EUV and X-ray radiations of wavelengths range 9-102.5 nm and 1-9 nm, respectively. The production rates are calculated by using two dimensional yield spectrum and cosmic ray energy loss models. These models are described in section 4. The production rates have been used later in the continuity equation to calculate the ion and electron density.
Methods

Two-Dimensional Yield Spectrum Model
[9] The yield spectrum approach is presented in terms of two and three dimensions by using Monte Carlo technique [Haider and Singhal, 1983; Singhal and Haider, 1984] . We have used earlier three dimensional yield spectrum approach to calculate the ion production rates owing to precipitation of solar wind electron in the nighttime atmosphere of Mars Haider et al., 2007] . These calculations were carried out in the presence of a vertical magnetic field of solar wind. In the present paper we have applied two dimensional yield spectrum model to calculate photoelectron impact ionization rates in the dayside ionosphere of Mars. This approach is used where the magnetic field of solar wind is horizontal in direction such as observed by MGS in the dayside ionosphere of Mars at high latitude [Ness et al., 2000] . In this model the photoelectrons loose their energy at the same height where they are produced. Thus the vertical transport of photoelectrons is inhibited. The photoelectron impact ionization rates are calculated as given below: where J(h,c) is the photoelectron impact ionization rate at altitude h and solar zenith angle c, the primary photoelectron spectrum R i (h,c,E) is calculated by Seth et al. [2006a Seth et al. [ , 2006b at solar zenith angle 77 degree using generalized Chapman function as given by Smith and Smith [1972] , the photoionization rate R i (h,c) is obtained from primary photoelectron spectrum R i (h,c,E) by integrating it over energy E, i represents ith gas, E o is incident energy of monoenergetic electrons, which were introduced in a gas medium, E is the energy of secondary or tertiary electrons, which are calculated at that time when primary electrons ionize the atmospheric gases, and U c (E,E o ) is two dimensional composite yield spectrum at energy E o and E. The composite yield spectrum approach is obtained by weighting the component of yield spectrum U(E,E o ) as given below:
In this equation C 0 , C 1 and C 2 are adjustable parameters of different gases, which are given by Singhal and Green [1981] . The value f i is the fractional composition and is given by
where S i /S j is the average value of s Ti (E)/s Tj (E) between E min = 2 eV to E o , s T i (E) is the total (elastic and inelastic) cross sections, which are taken from Porter and Jump [1978] and Jackman et al. [1977] and n i (h) is the neutral density. Here p i (E) is the ionization probability which is calculated from the following equation:
where s i (E) is the ionization cross section.
Cosmic Ray Energy Loss Model
[10] The high-energy cosmic rays propagate through the atmosphere producing nucleonic cascades. The impact of primary cosmic rays, mainly protons and a particle with the atmospheric molecules produces protons, neutrons and pions. Fast secondary nucleons can gain enough energy to increase the production of particles by neutral collisions. Neutral pions quickly decay to gamma rays, and their contribution to the energy deposition is very important in the lower part of the atmosphere. At high-altitude level the maximum ion production rates are due to protons. Charged pions decay to muons, which do not decay before reaching the ground, and hence the muon energy is transferred to the surface. The ion production rates owing to absorption of galactic cosmic rays at solar zenith angle c are given below:
where Q = 35 eV is the energy required for the formation of an electron ion pair; (dE/dh) is the ionization loss of the gas, F is the total differential flux and W is the spatial angle. The formulae of the total differential flux of galactic cosmic rays and their attenuation loss in the Martian atmosphere have been derived in detail by Haider et al. [2008] . Therefore, they are not given in this paper. Since the cosmic rays penetrate isotropically into the atmosphere, equation (7) reduces as follows: at solar zenith angle 77°owing to impact of solar EUV and X ray (photoionization + photoelectron) and galactic cosmic rays production with atmosphere of Mars (the production rate of HNO 3 + has insignificant value, therefore, this is not plotted in Figure 2 ). As expected solar EUV and X rays are the major sources above 80 km, while ionization produced by galactic cosmic rays is dominant below this altitude. The total ion production rates are obtained by adding solar EUV, X ray and galactic cosmic ray ionizations. We have considered the reactions of production and loss to form the hydronium ions up to four water molecules. The dissociative recombination of H 3 O + (H 2 O) n are always smaller than any other loss processes at low-altitude region. These ions have been measured in Earth's ionosphere by sounding rockets carrying ion mass spectrometer [Zbinden et al., 1975] . We have neither in situ measurements of low-altitude ion layers nor remote sensing measurements from the Martian surface.
[13] In Figure 4 
Comparison of Electron Density Distribution on Mars and Earth
[14] Before a more detailed comparison between the ionospheres of Mars and Earth is presented, it would be useful to recall the more salient characteristics of these planets and their atmospheres that affect the electron density distribution.
(1) The flux of the solar ionizing radiation (EUV), being inversely proportional to the square of the distance from the sun, is half or less as intense on Mars as it is on Earth. (2) In the region where most of the energies of EUV, X rays, and galactic cosmic rays are absorbed, the atmosphere consists largely of CO 2 on Mars and of O, O 2 , and N 2 on Earth. (3) The dayside ionosphere of Mars consists of a thin F layer with a peak electron concentration near 10 5 cm À3 , while the ionosphere of Earth extends over several hundred kilometers with a peak concentration $4 times larger. (4) The propagation of cosmic rays is affected by the solar wind in the interplanetary medium and in the vicinity of the magnetic planets by their intrinsic fields. The magnetic field on Mars is not high enough as of Earth to affect the cosmic raypath. The effect of the solar wind interaction with cosmic rays can be considered similar at Earth and Mars and therefore the same modulation of the cosmic rays owing to solar wind for solar minimum activity at Earth is used for Mars. Most of these characteristics are subject to substantial variations with solar activity, planetary season, and position within the planetary atmosphere, which must be also taken into consideration in a detailed comparison of the ionospheres of these planets. Such a comparison is beyond the scope of the present study, but we will compare our model calculation and radio occultation observations of Mars with a specific electron density pro- 3°N 146°W) , (54°N 126.3°W), (58.4°N 93.6°W), respectively. These observations are carried out in the afternoon at nearly the same local time (13.2, 13.6, 13.8, 14.4, 13.2 and 14. 3) during low solar activity period (F 10.7 = 68). In these measurements F peak is always clearly present while D and E peaks sometimes appear as a shoulder and sometimes as a separate peak. The nonzero values of electron density below $50 km altitude (where the density in theory should be almost zero) give an indication of the uncertainty of the profiles retrievals. This uncertainty is caused by the horizontal gradients of density not having been taken into account in the inversion of the occultation data [Anthes et al., 2008] . These profiles of electron density are nearly identical. Their peak densities and peak heights are changing with different locations of the observations. The Martian ionospheric profiles of Figure 6 were obtained from observations by MGS, Mars 4 and (12.95, 12.96, 12.97, 13.75, 13.76 and 13.74 ) with low solar activity period (F 10.7 = 39). These measurements show two ionization peaks at altitude $125 -145 km and 100 -115 km similar to that observed as F and E peaks in Earth's ionosphere [Bougher et al., 2001; Haider et al., 2006] . The first peak is always observed to be $8.6 Â 10 4 cm À3 in the dayside ionosphere of Mars. The second (lower) peak sometimes appears as a shoulder and sometimes as a separate peak with value $2-4 Â 10 4 cm
À3
. The third layer is clearly evident in one profile of MGS observations at altitude $80 to 100 km where electron density peaked at 8 Â 10 3 cm À3 which corresponds to an increase by 2 to 8 times of one standard deviation of the electron density fluctuations. This layer has also been observed by Mars Express [Patzold et al., 2005] . Its origin could be associated to ablation process in which metallic ions were formed by charge exchange with atmospheric ions. Figure 5 . Six sample profiles of electron density representing D, E, and F layers as observed in Earth's ionosphere by radio occultation experiment on board COSMIC satellites at different locations at nearly the same local time in the afternoon.
[16] The complete profile of electron density representing D, E, and F layers is not observed in the dayside ionosphere of Mars. MGS did not measure electron density below $80 km , where Mars 4 and Mars 5 have observed electron density on 10 and 18 February 1974 under low solar activity period at local time 0430 with solar zenith angle 106° [Savich and Samovol, 1976] . These measurements showed a broad peak between altitude 35 km and 70 km as observed in the D region of Earth's ionosphere. In Figure 6 we have plotted electron density between 0 km and 80 km from these measurements to obtain a complete electron density profile above the surface of Mars. It may be noted that the electron density depends on the solar zenith angle c by N e = N 0 (cos c) a , where a is between 0.2 and 0.7, N 0 is electron density for zero solar zenith angle. In the D region ionosphere of Earth, electron density is decreased by factor of $2 between solar zenith angle 77°a nd 106° [Friedrich and Torkar, 1992] . However, dependence of electron density on solar zenith angle is insignificant in the dayside upper ionosphere of Mars at terminator region. Bougher et al. [2004] did not find a clear trend of electron density with solar zenith angle in the 448 profiles of MGS data set at F region (125-145 km) between solar zenith angles 75°and 87°. Haider et al. [2006] using 32 electron density profiles of MGS found that E region (100-112 km) electron densities are independent on solar zenith angles between $77°and 82°. Recently Mahajan et al. [2007] have analyzed 807 electron density profiles of MGS. They have also reported that electron densities of E and F regions do not depend on solar zenith angles between 75°and 87°. However, it is changed by a factor of $1.1 in the topside ionosphere (160-170 km) at same solar zenith angle interval. MGS did not measure electron density in the upper ionosphere at solar zenith angle >87°. Therefore, we do not know from MGS observations how much electron density is decreased at the terminator upper ionosphere of Mars after sunset. In the D Figure 6 . Six sample profiles of electron density representing E and F layers in the Martian ionosphere as observed by radio occultation experiment on board MGS at nearly the same local time in the afternoon. Density profiles representing D layer is shown by radio occultation measurements on board Mars 4 and Mars 5 at evening.
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HAIDER ET AL.: HIGH-LATITUDE IONOSPHERE OF MARS region our previous calculation suggests that cosmic ray absorption in the Martian atmosphere is nearly the same between solar zenith angles 77°and 106°because the atmospheric thickness along the slant paths does not change significantly at these angles . In the dayside ionosphere of Mars we have neither in situ measurements of low-altitude ionosphere nor remote sensing measurements from Mars surface. The direct measurement of D region ionosphere can be performed in future by Langmuir probe experiment onboard Mars Lander. This experiment has been used in rockets and balloons to measure the lower ionosphere of Earth. In the absence of D region electron density measurement on Mars at solar zenith angle 77°, we have used Mars 4/5 observations available at solar zenith angle 106°. Future measurement will confirm the solar zenith angle dependence of D region ionosphere at Mars.
[17] In Figure 7 the present calculation is compared with the mean electron density profiles obtained from COSMIC observation shown in Figure 5 and from MGS and Mars 4/5 observations shown in Figure 6 for the ionospheres of Earth and Mars, respectively. In our calculation the first, second and third peaks are produced at altitudes $125 -145 km, 100 -112 km and 25-35 km owing to absorption of solar EUV (90 -1026 Å ), X ray (10 -90 Å ) and galactic cosmic ray (1 -1000 GeV) radiations, respectively, in the Martian ionosphere. These peaks are represented as F, E, and D layers similar to that observed in Earth's ionosphere. F and E peaks are mainly controlled by photoionization and photoelectron impact ionization processes. These peaks are not very much distinct owing to use of combined solar radiation at wavelength region 1 -102.6 nm. Our previous calculation represented F and E peaks separately at altitude $140 km and $108 km with values of $8.5 Â 10 4 cm À3 and $2.0 Â 10 4 cm
À3
, respectively . The calculated plasma density in the D layer is smaller by factor of $15 compared to that measured by Mars. However, its position beyond $50 km is comparable with the observation. This difference between theory and experiment could be attributed to possible errors of the measurements. The presence of plasma in the lower ionosphere of Mars is derived on the basis of the formal inversion of the set of observations in symmetrical approximation. During the occultation measurements, the possible displacement of electron density owing to this error was estimated to be %±500 cm À3 [Savich and Samovol, 1976] . The other reason for the error perhaps is that the ion and electron densities could not be separated out by Mars 4/5 radio occultation measurements. If it is true, the calculated total (ion + electron) density can be brought into close agreement with the measurement.
[18] In comparing our D region electron density with the theoretical calculations performed by Whitten et al. [1971] and Molina-Cuberos et al. [2002] , we find a good agreement at all altitudes with the model calculation of MolinaCuberos et al. [2002] , who used the same model atmosphere as we used. In both model calculations D peak is located at altitude $25 -35 km with a value of $70-100 cm À3 . Our D layer is less by a factor of $5 as compared to that calculated by Whitten et al. [1971] as $400 -500 cm À3 at altitude $25-35 km. This difference is due to several reasons: (1) Whitten et al. [1971] did not include nitrogenated chemistry in their model. The inclusion of nitrogenated molecules NO, NO 2 and HNO 3 is very important in the chemistry of negative ions. These reactions reduce electron density in the D region ionosphere of Mars. (2) They have used only 29 chemical reactions versus 133 used by us with better understanding of the chemistry of the terrestrial D region that can be directly applied to Mars. (3) Finally, the improvement of neutral modeling at Mars together with the data obtained from Viking 1/2 and Mars pathfinder has provided a better knowledge of neutral composition and structure compared to what was used previously by Whitten et al. [1971] . The density profiles of atomic oxygen and ozone, which have high influence on the chemistry of negative ions are now more realistic. We have used updated model atmosphere of 12 gases as reported by MolinaCuberos et al. [2002] . In Figure 7 the present calculation is also compared with the model calculation of Molina-Cuberos et al. [2003] that was based on meteoric ablation in the daytime ionosphere of Mars. The chemistry of meteoric ions (Ca + , Mg + and Fe + ) is not used in the present model. Therefore, the metal ion layer is not seen in our calculated electron density profile. Molina-Cuberos et al. [2003] have reported the existence of metal ions (Fe + and Mg + ) layer at altitude $85 km. In presence of meteoric ions the electron concentration is increased by about an order of magnitude between altitude 60 km and 90 km.
[19] D layer in the dayside ionosphere of Earth is observed at altitude $65 -75 km mainly owing to solar Lyman a radiation ionizing minor constituent NO. Galactic cosmic rays, which affect the whole atmosphere down to the ground, become a major ionization source in the lower D region [cf. Schunk and Nagy, 2000] . X rays do not contribute significantly to D region ionosphere of Earth at sunspot minimum. At night the D layer begins to disappear because the primary source of ionization is no longer present and the cosmic rays produce a residual amount of ionization. The ionization owing to solar Lyman a is not studied in the lower ionosphere of Mars. This source will be almost ineffective because the density of NO is lower by $2 -3 orders of magnitude in the Martian mesosphere as compared to that observed in the mesosphere of Earth [cf. Aikin, 1968; Hargreaves, 1992] . The cosmic ray ionization has been found to be an important process for the formation of D layers in daytime and nighttime lower ionosphere of Mars [Whitten et al., 1971; Molina-Cuberos et al., 2002; Haider et al., 2007] , respectively, that are larger by factor of $3 -4 and 3.5, respectively, than the corresponding values in the Mars' ionosphere. F peak height in Earth's ionosphere is higher by factor of 1.8 than in the Mars' ionosphere. However, the location of E region remains same in the ionospheres of Earth and Mars. Such relative characteristics are determined by several factors:
(1) The mean neutral-scale height near EUV absorption peak is 2 -3 times smaller for Mars than for Earth, the smaller gravitational acceleration of Mars being offset by the lower exospheric temperature and the larger mean molecular weight. (2) The upper ionospheres of Mars and Earth have different optical depths. Below 160 km the optical depth of Mars changes by 2 orders of magnitude in an interval of 40 km, while the optical depth of Earth below 300 km changes by same amount in an altitude interval nearly 4 times as large [cf. Bauer, 1973] . This implies that solar EUV energy is deposited within much smaller altitude range in the upper atmosphere of Mars as compared to the corresponding altitude range in the upper atmosphere of Earth. (3) Finally, the density of Earth's atmosphere is larger than that of Mars by a factor of $1.2-1.5. This will result in larger ion production and hence increased electron density in the upper ionosphere of Earth. The calculated and measured peak densities and peak heights for the daytime ionospheres of Earth and Mars are given in Table 1 .
Conclusions
[20] Using the solar EUV, X ray and galactic cosmic ray radiations, the altitude profiles of ion production rates and densities of positive ions, negative ions and electrons are calculated at solar zenith angle 77°above the surface of Mars. In this paper we have not used proton impact ionization source as introduced by Kallio and Janhunen [2001] because the dayside ionosphere caused by this process is smaller by an order of magnitude than that produced by solar EUV radiation . Our calculations are made at high latitude under photochemical steady state condition using yield spectrum and cosmic ray energy loss models. Our calculated results suggest that the daytime ionosphere of Mars can be divided into D, E, and F layers. D region is formed at altitude $25 -35 km owing to precipitation of galactic cosmic rays. E and F regions represent maximum ionization at $100 -112 km and $125 -145 km owing to photoionization + photoelectron impact ionization processes caused by X rays and solar EUV radiations, respectively. The calculated E and F peaks are in good agreement with the radio occultation measurements at Mars. The estimated plasma density in the D layer of Mars is smaller by one and two orders of magnitude than those observed in the ionospheres of Mars and Earth, respectively. The height of the F layer peak in Earth's ionosphere is higher by factor of 1.8 than that of Mars' ionosphere owing to their different heights of maximum optical depth. The locations of E region are nearly same in the ionospheres of both planets. The values of E and F peak densities are larger in Earth's ionosphere than in Mars' ionosphere by factors of $3 -4 and 3.5, respectively.
